Alteration of the chemical composition of odor samples during storage in polymer sample bags can significantly impair the accuracy of subsequent odor evaluations. To overcome or minimize this effect, the mechanisms determining compound loss must be more thoroughly understood. The present study examines the storage stability of a selection of key odorants from livestock production in polymer sample bags of Nalophan, Tedlar, and polytetrafluoroethylene (PTFE). The compounds included are acetic acid, butanoic acid, propanoic acid, 3-methylbutanoic acid, hydrogen sulfide, methanethiol, dimethyl sulfide, trimethylamine, and 4-methylphenol. The fate of the unrecovered compound fractions is clarified by means of thermal desorption and concentric double bags, allowing estimation of the magnitude of losses due to adsorption and diffusion, respectively. The degree of recovery was found to be PTFE > Tedlar > Nalophan, and smaller ratios of bag surface area to sample volume improved the recovery significantly. Furthermore, PTFE bags were found far superior for maintaining the original sample humidity and for storing 4-methylphenol. Analysis of sample humidity, partitioning coefficients, and thermal desorption suggested that the loss in PTFE bags was mainly controlled by adsorption, whereas for Nalophan and Tedlar, compound loss is a combined effect of adsorption and diffusion. It is suggested to heat the bags when evacuating the sample for analysis, as this was found to improve the recovery significantly. For a 5-L PTFE bag, all odorants could be found at concentration levels between 71.6 and 98.8% even after 48 h of storage when heated to 57°C prior to analysis. (CEN, 2003) . According to this standard, sample bags should consist of either fluorinated ethylene propylene (FEP, Teflon), polyvinyl fluoride (PVF, Tedlar) or polyethylene terephthalate (PET, Nalophan). These principally inert materials are selected to minimize the physical and chemical interactions between the sample matrix and the sampling material, as the preservation of the authentic sample composition is essential to the accuracy of the subsequent odor determination. Nevertheless, several studies have raised concern about the integrity of this sampling procedure, and in many cases it has been shown that the chemical composition of odor samples is altered during storage in polymer bags (Keener et al., 2002; van Harreveld, 1995; Kim et al., 2006 Kim et al., , 2012 Beghi and Guillot, 2008; Szyłak-Szydłowski, 2015) .
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Mechanisms of Loss of Agricultural Odorous
The key odorants from pig production facilities have been classified within four chemical groups: carboxylic acids, phenols, indoles, and reduced sulfur compounds (Schiffman et al., 2001; Wright et al., 2005; Feilberg et al., 2010) . The recovery of these compounds in different types of sample bags has been examined in a number of studies, which showed that concentrations decreased with compound-specific decay rates during storage. Sulfur compounds were typically best preserved, with general recoveries >90% after 24 h. Carboxylic acids, phenols, and indoles, on the other hand, underwent substantial losses of 30 to 95% within this time (Sulyok et al., 2001; Nagata and Takeuchi, 2003; Wright et al., 2005; Trabue et al., 2006; Parker et al., 2010; Hansen et al., 2011 ) .
The authenticity of an air sample stored in a polymer bag may be compromised by several factors: (i) adsorption to the inner bag walls or sampling tubes and fittings, (ii) diffusion through the bag, and (iii) chemical interactions causing losses and/or contamination of the sample. The loss of compounds in polymer bags has been attributed to one or all of these phenomena in previous studies. However, these mechanisms are not thoroughly understood and their magnitude is generally unknown. Hence, the present study was performed to provide a better understanding of the mechanisms causing impaired compound recovery and to deduce the optimal storage strategy for air samples containing livestock emissions. This is achieved by first determining the optimal polymer material and size of three types commonly used: Tedlar, Nalophan, and polytetrafluoroethylene (PTFE). Second, the fate of the unrecovered compounds is determined by examining the effects of: (i) thermal desorption, which releases the compounds adsorbed to the inner walls of the bag; and (ii) polymer diffusion by application of Nalophan double bags in which a small bag is enclosed in a larger bag with an interspace between the two. Similar bags have previously been used in studies by Cariou and Guillot (2006) and Sironi et al. (2014) Filling the inner bag with sample air and the interspace with nitrogen allows measurements of compounds diffusing through the walls of the inner bags.
Materials and Methods

Sample Bags
Nalophan bags with volumes of 0.5 and 10 L, Tedlar bags with volumes of 1 and 10 L, and double bags of Nalophan, where a small sample bag (1.5 L) was enclosed in a larger bag (10 L), were manufactured at an accredited odor laboratory (FORCE Technology, Brøndby, Denmark). The double bags were manufactured with two outlets consisting of a PTFE tube (6 mm i.d.) for each bag, although only one was used in the experiments. This ensured that the inner bag was kept suspended in the center and that it did not touch the walls of the outer bag when both were filled (Fig. 1) . We obtained PTFE bags with volumes of 5 and 10 L from Scentroid (IDES Canada). To clean the bags, each was filled with pure nitrogen and evacuated five times. Subsequently, they were filled once again and left overnight with weight on top to ensure air tightness. The background levels of volatile organic compounds (VOCs) released from the bag materials were measured after 0 and 72 h with proton transfer reaction-mass spectrometry (PTR-MS), including mass-to-charge ratios (m/z signals) between 21 and 200, before the experiments. Furthermore, the background VOC levels of bags heated at 60°C for 15 min were measured. All bags were made of new materials and had not previously been used for odorant samples.
Odorants
The compounds included in the study were reduced sulfur compounds (hydrogen sulfide, methanethiol, and dimethyl sulfide), carboxylic acids (acetic acid, butanoic acid, propanoic acid, and 3-methylbutanoic acid), and 4-methylphenol (p-cresol). Trimethylamine was initially included in the study, but due to this compound's exceedingly adsorptive nature in both polymer bags and the PTR-MS system, it was not possible to measure this compound confidently in the given concentration range and experimental setup. Hence, this compound was omitted from further tests. Hydrogen sulfide, methanethiol, and dimethyl sulfide (Air Liquide) were introduced from certified gas cylinders. Acetic acid, butanoic acid, propanoic acid, 3-methylbutanoic acid, and 4-methylphenol were generated from permeation tubes (VICI Metronics) using a permeation oven (Dynacalibrator model 150, VICI Metronics). Before each experiment, the permeation oven with permeation tubes was allowed to stabilize at the set temperature overnight. Due to limited space in the permeation oven, the compounds were introduced in two mixtures in different experiments (i.e., a mixture of acetic acid and sulfur compounds was analyzed in one set of experiments, whereas a mixture of propanoic acid, butanoic acid, 3-methyl butanoic acid, and 4-methylphenol was analyzed in another set of experiments). The concentration levels of the compounds were in the nanoliters per liter range. Table 1 lists the compounds, their assigned m/z values, detection limits, and initial concentration. It should be noted that the concentration levels exceed those reported for livestock houses (Feilberg et al., 2010) . However, to accommodate the limitations of the permeation oven while also giving a reliable concentration level, which was above the detection limit of the PTR-MS instrument even after prolonged storage in sample bags, higher concentration levels were preferred.
Analysis
A high-sensitivity PTR-MS (Ionicon Analytic) was used to measure the concentration of odorants. The PTR-MS was operated with a total drift tube voltage of 600 V, and the pressure was maintained between 0.21 to 0.22 kPa. The temperature of the drift tube was set to 90°C. Since the proton transfer reaction taking place in the drift tube of the PTR-MS is energetically possible for VOCs with a proton affinity higher than that of water (691 kJ mol −1 ) and hydrogen sulfide only slightly exceeds this value (705 kJ mol −1 ), a humidity-dependent backward reaction of protonated hydrogen sulfide becomes significant. The method for correction of hydrogen sulfide concentrations measured by PTR-MS, described by Feilberg et al. (2010) , was applied (R 2 > 0.98). For data specified with their concentration, compound-specific rate constants were calculated according to the method described by Cappellin et al. (2012) . The dwell time of the PTR-MS for odorants and the primary ion was set to 200 ms and the inlet flow to 200 mL min −1
. An initial assessment of the PTR-MS response showed that all compounds considered reached >95% of their maximum signal within 15 s. Hence, each measurement was performed for ~25 s (equivalent to ~15-25 cycles, depending on the mixture), extracting a maximum sample volume of 165 mL during the entire experiment. It should be noted that this decreases the sample/surface area ratio by a factor 0.63, 0.82, and 0.88 for the 0.5-L Nalophan bag, the 1-L Tedlar bag, and the inner 1.5-L bag of the double Nalophan bags, respectively, when filled to 90% capacity. For the remaining bags, this factor may be considered negligible (>0.95). Dilution air for the samples was supplied through a charcoalsilica gel filter to provide clean and dry air. Air and odorant flows were supplied through PTFE tubes and controlled by mass flow controllers (Bronkhorst), which were flushed with sample air for at least 1 h prior to the measurements. The concentrations of odorants were determined after 0, 1, 2, 3, 4, 5, 6, 24, and 48 h. Initial tests showed that covering the bags with black plastic to eliminate effects of light had negligible effect on compound preservation. Hence, sample bags were stored under ambient conditions (i.e., subjected to the natural and artificial light present in the laboratory). The double bags were determined with four repetitions and the single bags with three. The results are presented as average values of these. After 48 h, the 10-L Nalophan bags, the 10-L Tedlar bags, the 5-L PTFE bags and Nalophan double bags were heated from room temperature to 60°C. The outlets of the bags were fixed to the outside of the oven to allow continuous measurements of the recoveries of odorants as the bags were heated.
Background Contamination Levels
Several studies have reported that the polymer material may itself release VOCs. Hence, to determine the background contamination level on the m/z signals of interest, clean and flushed bags were filled with nitrogen and measured in scan mode by PTR-MS after 0 and 72 h. On the first day, a few chemical compounds were detected in the blank bags at low concentration levels (<10 nL L −1 ), whereas for Tedlar, elevated levels of N,Ndimethylacetamide (DMAC, m/z 88) and phenol (m/z 95) were found. This corresponds well with the findings of previous studies (Pet'ka et al., 2000; Steeghs et al., 2007; Beauchamp et al., 2008; Ghimenti et al., 2015; Mochalski et al., 2013) . During the 72-h period, some m/z signals were found to increase, possibly due to off-gassing from the polymer material or equilibration with room air due to diffusion. All compounds except DMAC and phenol were present at concentration levels below ~10 nL L −1
. The contamination signals at specific storage times for the experiments performed in this study were estimated with linear regression and corrected for in the succeeding results
Results and Discussion
Effect of Bag Size and Material
The recovery of the considered odorants in bags of different sizes and materials are shown in Fig. 2 , from which it is evident that the sample volume/surface area ratio, the bag material, and the specific chemical properties of the odorant have a significant impact on the level of recovery.
Considering all compounds, the 10-L PTFE bag had the highest recovery throughout the duration of the experiments (80.6%), whereas the 5-L PTFE bag had the second highest average recovery (71.7%). Hence, the material of the bag is considered to have the largest impact on the recovery within the range of bags tested in the present study. The degree of recovery was found to be PTFE > Tedlar > Nalophan, although the difference between the bags varied in magnitude depending on the odorant and storage time. For each material, it is, however, apparent that the bag size also has a significant impact on the outcome (e.g., for Tedlar bags of 1 L, the overall recovery of all compounds was 42.8% after 24 h, whereas for a 10-L Tedlar bag, the overall recovery was 63.5%). Of course, it should be noted that for the smallest bags of Nalophan and Tedlar, the changed sample volume/surface area due to sample extraction might have exacerbated this effect. However, the general conclusion that lower sample volume/sample bag surface area decreases the compound preservation is still clear.
The reduced sulfur compounds showed the least variation over time in all bags. Tedlar and PTFE were found to perform equally well for these compounds with average recoveries after 24 h in 10-L bags of 92.4 and 92.9%, respectively. On the other hand, carboxylic acids and 4-methylphenol underwent relatively substantial losses within the 48-h period in all cases, as shown in Fig. 2d to 2h . From these results, it is evident that bag material and sample volume/inner surface area ratio have a greater influence on the recovery of these compounds than on recovery of the sulfur compounds. A notable result is the significantly improved storage ability of PTFE bags when considering 4-methylphenol, which is considered a key odorant in pig production (Wright et al., 2005; Parker et al., 2010) . In Tedlar and Nalophan, this compound is almost completely lost on introduction into the bags.
Humidity
When evaluating the preservation of gas samples stored in sample bags, the sample humidity must also be considered. Several studies have shown that water vapor will readily diffuse across the bag wall (Beauchamp et al., 2008; Beghi and Guillot, 2008) , and water vapor may affect the sample matrix through absorption of water-soluble compounds and condensation. In Fig. 3 , the humidity in the sample bags as a percentage of ambient humidity during the experimental period is depicted. Here, the humidity is estimated by the hydronium water cluster H 3 O + ×H 2 O (m/z 37) measured by PTR-MS, which varies with gas humidity. It has been shown in several studies that this may be used as a proxy for assessing the water content in a sample (Ammann et al., 2004; Beauchamp et al., 2008; Inomata et al., 2008) .
From Fig. 3 , it is evident that water vapor from the ambient air in the laboratory will enter the initially dry (silica gelfiltered) samples in the bags. The change in humidity level in the Nalophan and Tedlar bags is consistent with that of diffusion as the humidity increases until the level of the surrounding room air is reached and then levels off when the concentration gradient over the bag wall is zero (i.e., equilibrium is reached). On the other hand, the hydrophobic polymer composition of PTFE bags seems to diminish this phenomenon, as the humidity level of the large PTFE bag is virtually constant during the first 24 h (increase from 34.1-40.3%). From these results, it may be (Cappellin et al., 2012) .
inferred that for real samples from livestock production, which typically have high humidity, the PTFE bags can reduce diffusion of water vapor out of the bag and preserve sample properties. Hence, samples drawn from PTFE bags could have a higher humidity level than similar samples drawn from Nalophan and Tedlar bags. Furthermore, it is noted that the bags, which preserve the chemical composition of the samples best, are also the ones that have the lowest tendency to equilibrate with the humidity level. The smaller bags will equilibrate faster, and the degree of humidity preservation is in the same order as the degree of recovery of odorants (i.e., PTFE > Tedlar > Nalophan). 
Thermal Desorption
To get an estimation of the amount of compounds that was adsorbed to the walls of the bags, the bags were heated to ~60°C while monitored with PTR-MS. In these experiments, the sulfur compounds were found to maintain constant concentration levels, which were entirely independent of the temperature (data not shown). Inversely, the recovery of all carboxylic acids and 4-methylphenol was significantly increased at higher temperatures. This could indicate that the sulfur compounds are not adsorbed to the inner walls of the sample bags, as is presumably the case for the other compounds, which are released when the temperature is increased. The high recovery for PTFE also indicates that the compounds are retained within the bag, whereas the same level of recovery is not possible at the set temperature in the Nalophan and Tedlar bags. This may be a result of stronger adsorption, absorption into the polymer material, or a higher diffusion rate in the Tedlar and Nalophan bags, as also observed for the water vapor.
Background VOC levels at elevated temperatures were evaluated after heating the bags (with nitrogen) for 15 min at 60°C. This showed that for Nalophan and PTFE, only a few m/z signals increased above 1 nL L −1 due to VOC off gassing from the polymer materials themselves. Furthermore, none of the target m/z signals (Table 1) increased to a significant level. Only acetic acid (m/z 61 + m/z 43) increased above a few nanoliters per liter (14.94 for Nalophan and 7.83 for PTFE). For Tedlar bags, several m/z signals were found to increase when the bag was heated. However, only a few of the target m/z signals were found to be affected, namely acetic acid and propanoic acid, although these were <20 nL L −1 . This has been corrected in the results Considering the results shown in Fig. 4 it is suggested to heat the sample bags of Nalophan and PTFE during measurement of odor samples, as this increases the recovery of odorants considerably. This has also previously been suggested by Ajhar et al. (2010) for improvement of siloxane recovery in Tedlar bags. However, from the results of this study, a thorough examination of the background VOC levels, especially for Tedlar bags, when samples are stored for analytical purposes is advised. For odor assessment, further research to show if heating will increase background odor originating from released background VOCs is necessary. For the 5-L PTFE bag, in this study, the concentration of odorants can be improved to yield recoveries of 70 to 99% of the original sample concentrations for all odorants tested, even after 48 h of storage. This will presumably be even higher for larger bags.
Partitioning Coefficients
In general, differences in sorption behavior between different compounds must be expected due to their unique chemical characteristics, which are influenced by, for example, their molecular size, polarity, and bonding abilities. Assuming that the main loss is caused by physical adsorption and the surface area and temperature are constant in each bag, some correlation to the vapor pressure is expected. Defining a partitioning coefficient (K), where C ads is the amount of compound adsorbed (lost), C g is the concentration in the gas phase, and A is the surface area of the bag (Pankow and Bidleman, 1992; Van Durme and Werbrouck, 2015) : A log-log correlation to the vapor pressure can be made as illustrated in Fig. 5 . For Nalophan and Tedlar, this relation is compound class specific, whereas for PTFE, it is more directly proportional to the vapor pressure (i.e., the lower the vapor pressure, the higher the K value). This indicates that the loss in the PTFE bag is mainly caused by physical adsorption to the bag walls, which is also consistent with the findings that most compounds may be readily recovered with thermal desorption and the fact that the diffusion of water vapor is hindered. For Tedlar and Nalophan, there is also a direct correlation to the vapor pressure (i.e., the higher the vapor pressure, the higher the K-value). However, this is only valid within each chemical group of carboxylic acids, reduced sulfur compounds, and 4-methylphenol (the only aromatic compound tested). This could imply that a higher amount is lost through diffusion, as this would result in a higher apparent K-value for compounds with high vapor pressure and relatively low molecular weights. However, the grouping of the compound groups according to their vapor pressure also indicates that some amount is lost through adsorption. Chemical reactions in the sample matrix and chemisorption may also distort the correlation. Figure 6 shows the concentration of odorants in the inner and outer bags of the Nalophan double bags during a 48-h measuring period when the inner bag was filled with sample air and the outer bag with nitrogen. It is clear that all compounds except 4-methylphenol, 3-methylbutanoic acid, and hydrogen sulfide, which were present in concentrations below the detection limit, are diffusing to the outer bag to some extent.
Double Nalophan Bags
A mass balance of the compounds in the inner and outer bag, as shown in Table 2 , revealed that between 7 and 20% of the amount of carboxylic acids initially added to the inner bag could be found in the outer bag after 24 h of storage. Only a few percent of the initially added sulfur compounds were found. It is, however, not possible to conclude the absolute amount of compounds diffused, as it may be assumed that compounds will also diffuse across or adsorb to the boundaries of the outer bag in the same period. Furthermore, it should be noted that the driving force for diffusion would depend on the initial concentration of a given compound (i.e., compounds that are present at an initially high concentration are more likely to diffuse). However, it may give some indication of which compounds will readily diffuse with the given material. As expected, some correlation to the molecular mass is observed, although this is not a completely direct correlation. 3-methylbutanoic acid 46.2 (9.0) < detection limit 4-methylphenol 1.1 (10.6) < detection limit As it is likely that the concentration gradient across the boundary of the bag will be proportional to the amount diffused, a separate set of experiments was performed in which both the inner bag and the outer bag were filled with sample air. This lowers the concentration gradient and is thus expected to lower the amount diffused. However, it was found that this only improved the recovery of compounds by a few percent (data not shown). Hence, this is not evaluated as a viable method for storing low-concentration samples, as tested in this study, although it may have a greater influence on the loss of higher-concentration samples (Siracusa, 2012; Sironi et al., 2014) . Furthermore, it confirms the conclusion of this study, which shows that the main loss is caused by adsorption. Figure 7 shows the concentration of odorants in the inner and outer bag as the double bags were heated to 57°C. As expected, the concentration of odorants in the outer bag is increased with increasing temperature, although it is not clear whether this is caused by increased diffusion or a release of compounds adsorbed to the outside of the inner bag or inside of the outer. As with the single bags tested, the sulfur compounds were unaffected by the increased temperature, and the increase in outer bag concentration of these compounds is insignificantly small (<1 nL L −1 ; i.e., they were not found to diffuse significantly to the outer bag). This may indicate that the main loss of sulfur compounds in Nalophan bags could be caused by chemical interactions in the sample matrix or on the polymer surface.
Conclusion
In this study, it was found that sample bag material and size has a significant impact on the recovery of odorants during storage. The PTFE bags were found superior for storing the considered odorants from pig production, especially for 4-methylphenol, which was almost completely lost on introduction to Nalophan and Tedlar bags.
Analysis of sample humidity, partitioning coefficients, and thermal desorption suggested that the improved storage ability of PTFE bags was mainly caused by improved retention of the compounds due to decreased diffusion compared with the other materials. Additionally, PTFE was found to maintain the original sample humidity for significantly longer periods.
Furthermore, it is suggested to heat the bags when evacuating the sample for analysis. This improved recovery significantly, and for a 5-L PTFE bag, all odorants could be found at levels >77% even after 48 h of storage.
